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ABSTRACT
Limited by the sensitivities of the current gravitational wave (GW) detectors, the central remnant of the bi-
nary neutron star (NS) merger associated with GW170817 remains an open question. Considering the relatively
large total mass, it is generally proposed that the merger of GW170817 would lead to a shortly lived hypermas-
sive NS or directly produce a black hole (BH). There is no clear evidence to support or rule out a long-lived
NS as the merger remnant. Here we utilize the GW and electromagnetic (EM) signals to comprehensively in-
vestigate the parameter space that allows a long-lived NS to survive as the merger remnant of GW170817. We
find that for some stiff equations of state, the merger of GW170817 could, in principle, lead to a massive NS,
which has a millisecond spin period. The post-merger GW signal could hardly constrain the ellipticity of the
NS. If the ellipticity reaches 10−3, in order to be compatible with the multi-band EM observations, the dipole
magnetic field of the NS (Bp) is constrained to the magnetar level of ∼ 1014 G. If the ellipticity is smaller than
10−4, Bp is constrained to the level of ∼ 1010 − 1012G. These conclusions weakly depend on the adoption of
equations of state.
Subject headings: gamma-ray burst: general – gravitational waves
1. INTRODUCTION
On August 17, 2017, the LIGO-Virgo scientific collabora-
tion, for the first time, detected a gravitational wave (GW)
signal from a binary neutron star (NS) merger event (i.e.,
GW170817; Abbott et al. 2017a). Multi-wavelength electro-
magnetic (EM) counterparts to GW170817 have also been de-
tected (Abbott et al. 2017b, for a summary).
Comprehensive analyses of the multi-messenger informa-
tion have provided some important physical properties of the
binary system and the merger process for GW170817. For in-
stance, the host galaxy of the system was identified as NGC
4993 (Coulter et al. 2017), an early-type S0 galaxy with red-
shift z = 0.0097 (de Vaucouleurs et al. 1991). The chirp mass
of the binary system is determined to be 1.188+0.004
−0.002 M⊙, and
the mass ratio of the two NSs was constrained to be in the
range of 1 0.4 − 1.0, so that the total mass of the system
would be 2.74 M⊙ and the component mass of the binary sys-
tem would be between 0.86 M⊙ and 2.26 M⊙ (Abbott et al.
2017a).
During the merger, a small fraction of baryonic matter is
ejected, including a lanthanide-free disk wind ejecta with
mass Mej,blue ≈ 0.01 − 0.04 M⊙ and initial speed βi,blue ≈
0.2 − 0.3 (Kasen et al. 2017; Cowperthwaite et al. 2017;
Chornock et al. 2017; Kilpatrick et al. 2017; Villar et al.
2017; Tanvir et al. 2017; Gao et al. 2017a), and a lanthanide-
rich dynamical ejecta2 (tidally ripped and dynamically
1 With the information of the optical/IR counterpart, Gao et al. (2017a)
placed a more stringent constraint on the mass ratio of GW170817 system to
the range of 0.46−0.67.
2 The opposite view of interpreting the blue component as due to
the dynamical ejecta also exists in the literature (e.g. Kasen et al. 2017;
launched matter) with mass Mej,red ≈ 0.03 − 0.05 M⊙
and initial speed βi,red ≈ 0.1 − 0.2 (Evans et al. 2017;
Drout et al. 2017; Nicholl et al. 2017; Smartt et al. 2017;
Arcavi et al. 2017; Kasen et al. 2017; Cowperthwaite et al.
2017; Kilpatrick et al. 2017; Villar et al. 2017; Gao et al.
2017a). Such ejected matter powered an ultravio-
let/optical/nearly infrared counterpart following GW170817,
named AT2017gfo (Metzger 2017, for a review).
The remaining matter would settle to form a new central
compact object fed by an accretion disk, so that a relativistic
jet was launched. When propagating through the surround-
ing ejecta, the jet could be structured (Kasliwal et al. 2017;
Piro & Kollmeier 2017; Gottlieb et al. 2017; Lazzati et al.
2017; Mooley et al. 2017; Xiao et al. 2017; Zhang et al. 2017;
Lyman et al. 2018). Internal and external dissipation of the
structured jet gives rise to multi-band EM emissions, includ-
ing a short duration gamma-ray burst detected by the Fermi
Gamma-ray Burst Monitor (GRB 170817) (Goldstein et al.
2017), and late time brightening afterglow signals in the X-
ray, optical and radio bands (Troja et al. 2017; Lazzati et al.
2017; Margutti et al. 2018; Troja et al. 2018; Meng et al.
2018). Considering that the peak isotropic luminosity of GRB
170817A (∼ 1.7× 1047 ergs−1) is abnormally low compared
with other short GRBs (Goldstein et al. 2017; Zhang et al.
2017), the late afterglow signals are relatively weak, and the
rising slope of the afterglow signals is relatively small. A
large binary inclination angle (∼ 20◦) relative to our line
of sight is inferred (Mooley et al. 2017; Lazzati et al. 2017;
Lyman et al. 2018), which is well consistent with the results
from the GW signal analyses (Abbott et al. 2017b).
Nicholl et al. 2017).
2What is the central remnant for GW170817 remains an
open question. Considering that the total mass of the
GW170817 binary system is relatively large (2.74 M⊙),
it is generally proposed that the merger of GW170817
would lead to a temporal hypermassive NS (supported
by differential rotation) which survived 10 − 100 ms be-
fore collapsing into a black hole (BH) or even a BH
directly (Margalit & Metzger 2017; Bauswein et al. 2017;
Perego et al. 2017; Rezzolla et al. 2018; Ruiz et al. 2017;
Ma et al. 2017; Metzger et al. 2018). However, our poor
knowledge about the NS equation of state (EoS) makes the
discussion more complex. For instance, as long as the NS EoS
is stiff enough, the merger remnant of GW170817 could be a
long-lived massive NS, as argued early by Dai & Lu (1998a)
and Dai et al. (2006), and within such a scenario, the multi-
band data of AT2017gfo could also reproduced (Yu & Dai
2017).
In principle, post-merger GW signals could be used to
probe the property of the remnant. But the search for
post-merger GWs of GW170817 only provides an up-
per limit of the characteristic amplitude, mainly limited
by the current sensitivities of the LIGO/Virgo detectors
(Abbott et al. 2017c). In this case, we can only rely on
the information of the EM signals to make constraints.
It has long been proposed that when the merger remnant
is a long-lived massive NS, more abundant EM signa-
tures are expected (Dai & Lu 1998a,b; Dai 2004; Dai et al.
2006; Zhang 2013; Gao et al. 2013; Yu et al. 2013; Fan et al.
2013; Wu et al. 2014; Metzger & Piro 2014; Siegel & Ciolfi
2016a,b; Gao et al. 2015, 2017b; Sun et al. 2017). For in-
stance, after the relativistic jet propagates through the sur-
rounding ejecta, a Poynting-flux outflow from the NS could
leak out to power an extended emission through its dissipa-
tion at a large radius (Dai 2004; Zhang 2013; Rowlinson et al.
2014; Lü et al. 2015; Sun et al. 2017). Due to the dynamical
motion of the ejecta, the ejecta materials tend to quench the
outflow by closing the gap, so that the Poynting-flux outflow
would be trapped inside. The outflow could then inject ex-
tra energy into the ejecta to increase its internal energy and
kinetic energy, either via direct energy injection by a Poynt-
ing flux (Bucciantini et al. 2012), or due to heating from the
bottom by the photons generated in a dissipating magnetar
wind via magnetic reconnection or self-dissipation (Zhang
2013). The heated ejecta material would power a bright
thermal emission component (Yu et al. 2013; Metzger & Piro
2014), normally brighter than the radioactively-driven kilo-
nova (Li & Paczyn´ski 1998; Metzger et al. 2010). Neverthe-
less, the accelerated ejecta materials might also give rise to
strong afterglow emission by driving a strong forward shock
into an ambient medium (Gao et al. 2013). When the ejecta
becomes optically thin, if the massive NS still exists, the dis-
sipated photons from its Poynting-flux outflow would even-
tually diffuse out, resulting in a late-time re-brightening X-
ray signal (Metzger & Piro 2014; Gao et al. 2015, 2017b;
Sun et al. 2017).
In this paper, we utilize the GW and electromagnetic (EM)
signals to comprehensively investigate the possibility of a
long-lived massive NS as the merger remnant of GW170817,
and give constraints on the physical properties of the NS, if it
exists.
2. NS/QS EQUATION OF STATE
For GW170817, the total gravitational mass of the binary
system is estimated as 2.74M⊙ (Abbott et al. 2017a). Nu-
merical simulations show that after the merger process and
differential rotation phase, the mass of the uniformly rotat-
ing remnant could be estimated as (Hanauske et al. 2017;
Rezzolla et al. 2018)
Mur = δMg −λ
−1Mej, (1)
where Mg is the initial gravitational mass of the merger rem-
nant, Mej is the amount of ejected baryon mass during the
merger, δ = 0.95 is the mass fraction of the core after dy-
namical mass ejection, and λ = 1.17 is the numerical ratio of
the baryonic mass and the gravitational mass (Hanauske et al.
2017; Rezzolla et al. 2018). For GW170817, we have Mur ≃
2.57M⊙, where Mej ≃ 0.04M⊙ is adopted.
Before the merger, the two NSs are in the Keplerian orbits,
so the post-merger central remnant must be rapidly spinning.
The rapid rotation could enhance the maximum gravitational
mass (Mmax) allowed for NS survival, where Mmax can be pa-
rameterized as (Lasky et al. 2014)
Mmax = MTOV(1+αP
β), (2)
and MTOV is the maximum NS mass for a non-rotating NS, P
is the spin period of the NS in units of second, and α and β
are functions of MTOV, NS radius (R), and moment of inertia
(I).
For a given EoS, if its MTOV is only slightly smaller than
Mur, it is possible that Mmax > Mur. In this case, the uniformly
rotating remnant would be a supra-massive NS. With the NS
spinning down, the supra-massive NS would collapse to a BH
when Mmax becomes smaller than Mur. For an extremely stiff
EoS, if MTOV > Mur, the merger remnant could even be a sta-
ble NS that never collapses.
For the purpose of this work, we adopt a series of NS EoSs
with a range of maximum mass that allows Mmax > 2.57M⊙,
including three new unified NS EoSs (DD2, DDME2,
NL3ωρ) recently proposed (Fortin et al. 2016). Note that
for completeness, we also consider several developed strange
quark star (QS) EoSs (Li et al. 2017). For most of these
EoSs, the numerical values for Pk (Kepler period), MTOV, R,
I, and the secondary parameters α and β have been worked
out in previous works (collected in Table 1), by using the gen-
eral relativistic NS equilibrium code RNS (Lasky et al. 2014;
Li et al. 2016, 2017). For the cases with MTOV < 2.57M⊙, we
calculate their NS collapsing period (Pcol) by setting Mmax =
2.57M⊙. We can see that for most EoSs (except for EoS AB-
L and NL3ωρ), Pcol is very close to Pk, which are both of the
order ∼ 1ms.
3. CONSTRAINTS FROM THE POST-MERGER GW SIGNAL
During the uniform rotation stage, the newly-formed
NS could lose its rotation energy through both magnetic
dipole radiation and GW emission (Shapiro et al. 1983;
Zhang & Mészáros 2001),
E˙ = IΩΩ˙ = −Lsd,GW − Lsd,EM, (3)
where
Lsd,EM =
B2pR
6
Ω
4
6c3
(4)
is the magnetic dipole spin-down power, and
Lsd,GW =
32GI2ǫ2Ω6
5c5
(5)
is the GW radiation spin-down power. Ω= 2π/P is the angular
frequency and Ω˙ is its time derivative, ǫ is the ellipticity of the
3TABLE 1
BASIC PARAMETERS FOR ADOPTED EQUATION OF STATES
MTOV Rs I α β PK Pcol(
M⊙
)
(km)
(
1045g cm2
) (
s−β
)
(ms) (ms)
GM1 2.37 12.05 3.33 1.58× 10−10 -2.84 0.72 0.85
BSk21 2.28 11.08 4.37 2.81× 10−10 -2.75 0.60 0.71
DD2 2.42 11.89 5.43 1.370× 10−10 -2.88 0.65 0.99
DDME2 2.48 12.09 5.85 1.966× 10−10 -2.84 0.66 1.20
NL3ωρ 2.75 12.99 7.89 1.706× 10−10 -2.88 0.69 –
AB-L 2.71 13.7 4.7 2.92× 10−10 -2.82 0.76 –
CIDDM 2.09 12.43 8.645 2.58× 10−16 -4.93 0.83 0.93
CDDM1 2.21 13.99 11.67 3.93× 10−16 -5.00 1.00 1.20
CDDM2 2.45 15.76 16.37 2.22× 10−16 -5.18 1.12 1.70
MIT2 2.08 11.48 7.881 1.67× 10−15 -4.58 0.71 0.81
MIT3 2.48 13.71 13.43 3.35× 10−15 -4.60 0.85 1.50
NS, and Bp is the dipolar field strength at the magnetic poles
on the NS surface.
The characteristic amplitude of GWs from a rotating NS
can be estimated as (Corsi & Mészáros 2009)
hc = f h(t)
√
dt
d f
, (6)
where
h(t) =
4GΩ2
c4d
Iǫ, (7)
with f = Ω/π representing the frequency of GW signals.
For a millisecond rotation NS, the spin down process could
be dominated by the GW radiation, as long as ǫ is large
enough. In this case, we have E˙ = − 32GI
2ǫ2Ω6
5c5
. Thus, we obtain
hc =
√
5IG
Pc3d2
. (8)
The observation of GWs from the post-merger remnant by
the LIGO-Virgo collaboration has given an upper limit strain
as h50%rss = 5.9× 10−22Hz−1/2 for a bar-mode model. With the
definition of hrss as
hrss =
[
2
∫ fmax
fmin
(
|h˜+( f )|2 + |h˜×( f )|2
)
d f
]1/2
, (9)
the relation between hc and hrss can be roughly derived by
3
hc( f¯ ) = hrss
f¯√
2( fmax − fmin)
, (10)
where f¯ = ( fmax + fmin)/2 is the average value of the GW fre-
quency and fmax and fmin are corresponding to the Kepler pe-
riod Pk and Pcol, respectively.
With equations 3 to 10, we derive the upper limits of hc( f¯ )
from the GW observation and the theoretical values of hc( f¯ )
for the adopted EoSs, assuming that the NS spin down is dom-
inated by the GW radiation. The inferred results are shown in
Table 2. We find that for all the adopted EoSs, the theoretical
value of hc( f¯ ) is about one order of magnitude smaller than
3 Note that in real GW data analyses, the estimation of hrss should be
much more complected. The analytical derivation here is only valid in order
of magnitude, but is good enough for the purpose of this work.
the observational upper limit, which indicates that even if the
merger remnant of GW170817 is a millisecond massive NS,
and the rotation energy of the NS is taken away by the GW
radiation, the post merger GW signal is undetectable. GW
observations cannot help to differentiate which power domi-
nates the NS spin down process, nor make any constraints on
the ellipticity (ǫ) of the nascent NS. In the following, we sep-
arately discuss different situations with ǫ ranging from 10−7
to 10−3.
4. CONSTRAINTS FROM EM OBSERVATIONS
4.1. Constraints from UV/optical/NIR observations
If the merger remnant of GW170817 is a massive NS, the
merger ejecta would be heated and accelerated by two differ-
ent energy sources: r-process related radioactivity and dipole
radiation from the NS. Due to energy conservation, we have
dE
dt
= ξLsd,EM +D2L′ra −D2L′e, (11)
where E is the total energy of the ejecta, ξ represents the frac-
tion of dipole radiation power injected into the ejecta, L′ra is
the comoving radioactive power, L′e represents the comoving
emitted bolometric luminosity, and D = 1/[Γ(1 − β)] is the
Doppler factor, where β is the ejecta velocity in the lab frame
andΓ is the corresponding bulk Lorentz factor. Here we adopt
the empirical expression for L′ra proposed by Korobkin et al.
(2012)
L′ra = 4× 1049Mej,−2
[
1
2
−
1
π
arctan
(
t ′ − t ′0
t ′σ
)]1.3
erg s−1,(12)
where t ′0 ∼ 1.3 s and t ′σ ∼ 0.11 s. L′e could be estimated by
L′e =
{
E′intc
τRej/Γ
, τ > 1,
E′intc
Rej/Γ
, τ < 1.
(13)
Rej is the radius of the ejecta in the lab frame, τ =
κ(Mej/V
′)(Rej/Γ) is the optical depth of the ejecta with κ be-
ing the opacity (Kasen & Bildsten 2010; Kotera et al. 2013),
and E ′int is the internal energy in the comoving frame. The
evolution of E ′int could be expressed as
dE ′int
dt ′
= ξtD−2Ld + L′ra − L′e,−P ′
dV ′
dt ′
, (14)
with the radiation dominated pressure P ′ = E ′int/3V ′ and the
thermalization coefficient ξt = ξe
−1/τ . The comoving volume
evolution can be fully addressed by dV ′/dt ′ = 4πR2ejβc and
dRej/dt = βc/(1−β).
The dynamic equation for the ejecta could be expressed as
(Yu et al. 2013)
dΓ
dt
=
dE
dt
−ΓD
(
dE′int
dt′
)
− (Γ2 −1)c2
(
dMsw
dt
)
Mejc2 + E
′
int +2ΓMswc
2
, (15)
where Msw =
4π
3
R3ejnmp is the shock swept mass of a medium
with density of n.
With equations 11 to 15, one can easily solve the ejecta dy-
namics and the bolometric luminosity evolution of the ejecta
thermal emission (Le). Obviously, the increase of dipole ra-
diation power (Lsd,EM) could significantly enlarge the velocity
of the ejecta (β) and enhance the peak value of Le. From
the spectral and photometric analyses of AT2017gfo, the peak
value of Le and the corresponding ejecta velocity (around
4TABLE 2
THE CHARACTERISTIC AMPLITUDE OF GW RADIATION hc AND ITS UPPER LIMIT
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
hc( f¯ )(10
−21) 1.861 2.329 2.366 2.347 2.15 1.578 2.824 2.945 3.130 2.900 3.176
hc,upper( f¯ )(10
−20) 7.535 7.968 4.672 3.695 1.599 1.521 8.489 6.076 3.559 8.257 3.509
τ = 1) have been well constrained, i.e., Le . 10
42erg s−1 and
β . 0.3 (Kasen et al. 2017). Given the tight allowed range
of the spin period of the massive NS, the observations could
place tight constraints on the dipole magnetic field of the NS
(Bp). The results are collected in Table 3. We find that in or-
der to be compatible with the UV/optical/NIR observations, if
the merger remnant of GW170817 is a massive NS, the dipole
magnetic field of the NS should be less than ∼ 1011 − 1012 G
(see Figure 1).
We next test two different cases with different fractions of
the dipole radiation power injected into the ejecta (ξ = 0.1 and
ξ = 1). We find that increasing ξ by one order of magnitude
could tighten the constraint on Bp by a factor of 3. We also
test different situations with ǫ ranging from 10−7 to 10−3. We
find that as long as ǫ is smaller than 10−4, different ǫ no longer
affects the constraints on Bp. However, when ǫ is of the or-
der ∼ 10−3, the constraint on Bp would become looser by one
order of magnitude, mainly because the high GW emission
power could rapidly slow down the NS and drive its collapse
into a BH.
4.2. Constraints from γ-ray and X-ray observations
If the merger remnant of GW170817 is a massive NS, af-
ter the relativistic jet punching through the ejecta shell, the
Poynting-flux outflow from the NS could leak out to power an
extended emission. For GRB 170817A, Zhang et al. (2017)
conducted a search of extended emission before and after the
trigger time, which leads to a negative result. In this case,
the γ-ray luminosity powered by the NS wind dissipation
should not be larger than the luminosity of GRB 170817A,
i.e., ηγLsd,EM . 1.7× 1047erg s−1.
On the other hand, when the ejecta becomes transparent,
if the central NS has not collapsed, the dissipated photons
from the NS wind would eventually diffuse out. Late time
X-ray observations could serve as the upper limit of the X-
ray luminosity powered by the NS wind dissipation, i.e.,
ηxLsd,EM(t)e
−τ . LX (t). Here we take the X-ray data (in-
cluding upper limit) from Troja et al. (2017) to make con-
straints on the dipole magnetic field of the central NS. The
constrained results for different EoSs have been collected in
Table 4. We find that in order to be compatible with the γ-ray
and X-ray observations, if the merger remnant of GW170817
is a massive NS, the dipole magnetic field of the NS should
be less than∼ 1011 −1012 G (see Figure 1), similar to the con-
straints from UV/optical/NIR data.
Here we adopt a relatively small efficiency factor (ηX =
10−4) to convert the spin-down luminosity to the ob-
served X-ray luminosity (Xiao & Dai 2017), which is much
smaller than the inferred value from previous investiga-
tions for a sample of short GRB X-ray plateau data (Zhang
2013; Rowlinson et al. 2014; Lü et al. 2015; Gao et al. 2016).
Adopting a larger value of ηX would lead to much tighter con-
straints on Bp, which may fall below 10
10 G. Note that since
the observed γ-ray luminosity is much larger than the X-ray
data, even assuming ηX = 10
−4 and ηγ = 1, the constraints on
Bp are mainly from X-ray observation instead of γ-ray.
Here we only consider the ξ = 0.1 case4. We test different
situations with ǫ ranging from 10−7 to 10−3. Similar to the
constrained results from UV/optical/NIR data, we find that
different ǫ values do not affect the constrained results signif-
icantly, unless the GW emission power is large enough and
rapidly drive the NS to collapse into a BH (when ǫ is around
10−4 or 10−3). In these cases, the constraint on Bp becomes
much looser since it is solely based on the γ-ray data.
4.3. Constraints from radio observations
Energy injection from the central NS, if exists, could signif-
icantly accelerate the ejecta. As long as the kinetic energy of
the ejecta is large enough, the forward shock into the ambient
medium could give rise to strong afterglow emission, at least
in the radio band. The afterglow emission should not out-
shine the late radio observations, which could make further
constraints on the dipole magnetic field of the central NS.
Recently, Mooley et al. (2017) has applied the ejecta-
medium forward shock model to interpret the data of radio
counterpart of GW170817, and they find that the radio light
curve could be well fitted within such a model, as long as the
kinetic energy of ejecta could reach 5×1050ergs and the den-
sity of interstellar medium is n = 0.03cm−3.
Solving the dynamical evolution of the ejecta with medium
density as n = 0.03cm−3, we can make constraints on Bp by
setting 5× 1050ergs as the upper limit of the ultimate ejecta
kinetic energy. The constrained results are shown in Table
5. We find that in order to be compatible with the radio ob-
servations, if the merger remnant of GW170817 is a massive
NS, the dipole magnetic field of the NS should be less than
∼ 1012 −1014G (see Figure 1).
Here we consider two cases with ξ = 0.1 and ξ = 1. Again,
we find that increasing ξ by one order of magnitude could
tighten the constraint on Bp by a factor of 3. We also test
different situations with ǫ values. We find that when ǫ is in
order of 10−3, the Bp upper limit is of the order ∼ 1014 G.
When ǫ = 10−4, the Bp upper limit is of the order∼ 1013 G. As
long as ǫ is equaling to or less than 10−5, different ǫ no longer
affects the constrained results on Bp, and the Bp upper limit is
of the order ∼ 1012 G.
4.4. Summary of quantitative constraints
Combining all the constraints from GW and multi-band
EM observations, we find that if the merger remnant of
GW170817 is a massive NS, the NS should have millisec-
ond spin period, but relatively low dipole magnetic field (Bp
as low as ∼ 1011 G). The ellipticity of the NS is hardly con-
strained. If the ellipticity could reach 10−3, Bp is constrained
4 In the ξ ∼ 1 case, no constraint on the spin down luminosity could be
made from X-ray and γ-ray observations, since almost all the spin-down
power has been injected into the ejecta.
5TABLE 3
THE CONSTRAINED RESULTS ON Bp(G) FROM UV/OPTICAL/IR OBSERVATION
ξ = 0.1
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
ǫ = 10−3 3.39× 1013 6.92× 1013 2.00× 1013 1.12× 1013 2.00× 1012 1.35× 1012 7.59× 1013 2.95× 1013 8.13× 1012 9.33× 1013 1.23× 1013
ǫ = 10−4 3.16× 1011 6.46× 1011 3.16× 1011 3.09× 1011 2.82× 1011 2.40× 1011 6.92× 1011 3.72× 1011 3.24× 1011 8.71× 1011 3.39× 1011
ǫ = 10−5 2.40× 1011 2.19× 1011 2.04× 1011 2.04× 1011 1.78× 1011 1.86× 1011 2.95× 1011 2.95× 1011 2.63× 1011 2.75× 1011 2.29× 1011
ǫ = 10−6 2.40× 1011 2.14× 1011 2.04× 1011 2.00× 1011 1.78× 1011 1.82× 1011 2.88× 1011 2.95× 1011 2.63× 1011 2.69× 1011 2.29× 1011
ǫ = 10−7 2.40× 1011 2.14× 1011 2.04× 1011 2.00× 1011 1.78× 1011 1.82× 1011 2.88× 1011 2.95× 1011 2.63× 1011 2.69× 1011 2.29× 1011
ξ = 1
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
ǫ = 10−3 1.07× 1013 2.19× 1013 6.31× 1012 3.55× 1012 6.31× 1011 4.27× 1011 2.40× 1013 9.44× 1012 2.57× 1012 2.95× 1013 3.89× 1012
ǫ = 10−4 1.00× 1011 2.04× 1011 1.00× 1011 9.77× 1010 8.91× 1010 7.59× 1010 2.19× 1011 1.17× 1011 1.02× 1011 2.75× 1011 1.07× 1011
ǫ = 10−5 7.59× 1010 6.92× 1010 6.46× 1010 6.46× 1010 5.62× 1010 5.89× 1010 9.33× 1010 9.33× 1010 8.32× 1010 8.71× 1010 7.24× 1010
ǫ = 10−6 7.59× 1010 6.76× 1010 6.46× 1010 6.31× 1010 5.62× 1010 5.75× 1010 9.12× 1010 9.33× 1010 8.32× 1010 8.51× 1010 7.24× 1010
ǫ = 10−7 7.59× 1010 6.76× 1010 6.46× 1010 6.31× 1010 5.62× 1010 5.75× 1010 9.12× 1010 9.33× 1010 8.32× 1010 8.51× 1010 7.24× 1010
TABLE 4
THE CONSTRAINED RESULTS ON Bp FROM X-RAY/γ-RAY OBSERVATIONS
ξ = 0.1
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
ǫ = 10−3 4.15× 1013 3.71× 1013 3.52× 1013 3.45× 1013 6.76× 1012 4.47× 1012 5.02× 1013 5.12× 1013 4.49× 1013 4.67× 1013 3.93× 1013
ǫ = 10−4 2.82× 1012 3.71× 1013 2.63× 1012 6.17× 1011 7.24× 1011 5.13× 1011 5.02× 1013 3.47× 1012 5.37× 1011 4.67× 1013 6.61× 1011
ǫ = 10−5 2.88× 1011 2.63× 1011 2.52× 1011 2.45× 1011 2.57× 1011 2.51× 1011 3.55× 1011 3.55× 1011 3.09× 1011 3.31× 1011 2.75× 1011
ǫ = 10−6 2.88× 1011 2.57× 1011 2.45× 1011 2.40× 1011 2.29× 1011 2.40× 1011 3.47× 1011 3.55× 1011 3.09× 1011 3.23× 1011 2.69× 1011
ǫ = 10−7 2.88× 1011 2.57× 1011 2.45× 1011 2.40× 1011 2.29× 1011 2.34× 1011 3.47× 1011 3.55× 1011 3.09× 1011 3.23× 1011 2.69× 1011
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FIG. 1.— Constraints on the dipole magnetic field of the central NS from multi-band observations. The left panels are for ξ = 0.1 situation and the right panels
are for ξ = 1 situation. The top panels show constrained results from UV/optical/NIR data. Constrained results from γ-ray/X-ray (marked with squares) and
radio (marked with triangles) data are shown in the middle panels. The bottom panels show the final results from multi-band data. Different colors correspond to
different EoSs.
to the level of ∼ 1014 G. Otherwise, Bp is limited to the
level of ∼ 1010 − 1012 G. These conclusions weakly depend
on the adoption of NS EoSs. Specifically, for GM1, the up-
per limit of spin period is 0.85ms and the upper limit of Bp
is 7.59× 1010G. For Bsk21, the upper limit of spin period is
0.71ms and the upper limit of Bp is 6.76× 1010G. For DD2,
the upper limit of spin period is 0.99ms and the upper limit
of Bp is 6.46× 1010G. For DDME2, the upper limit of spin
6TABLE 5
THE CONSTRAINED RESULTS ON Bp FROM RADIO OBSERVATION
ξ = 0.1
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
ǫ = 10−3 2.45× 1014 3.24× 1014 1.82× 1014 1.51× 1014 6.92× 1013 4.90× 1013 3.89× 1014 2.51× 1014 1.35× 1014 4.27× 1015 1.62× 1014
ǫ = 10−4 3.02× 1013 3.63× 1013 2.29× 1013 1.74× 1013 9.33× 1012 6.61× 1012 4.47× 1013 3.24× 1013 1.51× 1013 4.68× 1013 1.91× 1013
ǫ = 10−5 2.45× 1012 3.31× 1012 2.00× 1012 1.95× 1012 1.78× 1012 1.55× 1012 3.98× 1012 2.51× 1012 2.09× 1012 4.37× 1012 2.14× 1012
ǫ = 10−6 1.62× 1012 1.48× 1012 1.38× 1012 1.35× 1012 1.20× 1012 1.26× 1012 2.00× 1012 2.00× 1012 1.78× 1012 1.82× 1012 1.55× 1012
ǫ = 10−7 1.62× 1012 1.45× 1012 1.38× 1012 1.35× 1012 1.20× 1012 1.26× 1012 1.95× 1012 2.00× 1012 1.78× 1012 1.82× 1012 1.55× 1012
ξ = 1
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
ǫ = 10−3 7.41× 1013 1.02× 1014 5.75× 1013 4.68× 1013 2.14× 1013 1.51× 1013 1.20× 1014 7.76× 1013 4.27× 1013 1.32× 1014 5.13× 1013
ǫ = 10−4 9.12× 1013 1.12× 1013 7.08× 1012 5.50× 1012 2.88× 1012 2.04× 1012 1.38× 1013 9.77× 1012 4.79× 1012 1.44× 1013 6.03× 1012
ǫ = 10−5 7.41× 1011 1.02× 1012 6.17× 1011 6.17× 1011 5.50× 1011 4.78× 1011 1.23× 1012 7.76× 1011 6.61× 1011 1.35× 1012 6.76× 1011
ǫ = 10−6 5.13× 1011 4.57× 1011 4.37× 1011 4.27× 1011 3.80× 1011 3.89× 1011 6.17× 1011 6.31× 1011 5.50× 1011 5.75× 1011 4.90× 1011
ǫ = 10−7 5.13× 1011 4.57× 1011 4.37× 1011 4.27× 1011 3.72× 1011 3.89× 1011 6.17× 1011 6.31× 1011 5.50× 1011 5.75× 1011 4.90× 1011
period is 1.20ms and the upper limit of Bp is 6.31× 1010G.
For NL3ωρ, no upper limit of spin period could be given and
the upper limit of Bp is 5.62× 1010G. For AB-L, no up-
per limit of spin period could be given and the upper limit
of Bp is 5.75× 1010G. For CIDDM, the upper limit of spin
period is 0.93ms and the upper limit of Bp is 9.12× 1010G.
For CDDM1, the upper limit of spin period is 1.20ms and
the upper limit of Bp is 9.33× 1010G. For CDDM2, the up-
per limit of spin period is 1.70ms and the upper limit of Bp
is 8.32× 1010G. For MIT2, the upper limit of spin period is
0.81ms and the upper limit of Bp is 8.51× 1010G. For MIT3,
the upper limit of spin period is 1.50ms and the upper limit of
Bp is 7.24× 1010G. Final constrained results are collected in
Table 6.
4.5. Other constraints
Some other information may also pose constraints to the
merger product. However, since they depend on complicated
physical factors, an quantitative constraint is not easy achieve.
Nonetheless, it is worth discussing these factors qualitatively.
The first factor is the inferred mass and velocity of the
ejecta. Fitting the optical/IR data of GW170817 led to an
estimate of the mass, velocity and opacity of both the blue
and red components (Metzger 2017, for a review). However,
it is unclear which component originates from the dynamical
ejecta and which originates from a neutrino-driven wind (e.g.
Gao et al. 2017a). It was proposed (Metzger et al. 2018) that
a rapidly-spinning HMNS with an ordered surface magnetic
field strength of∼ 1014 G and extended lifetime (∼ 0.1−1 s) is
required to simultaneously explain the velocity, total mass and
electron fraction of the blue component. It is hard to evaluate
the consequence of a long-lived pulsar on the ejecta param-
eters. For the long-lived pulsar parameters constrained from
the above quantitative analysis, usually a neutron star with a
lower Bp is required. It may appear that the B field is too
low to accelerate the ejecta to the desired velocity. On the
other hand, the longer life time of the pulsar would have a
longer duration of energy injection into the ejecta, so that the
fast velocity may be also achieved. A long-lived pulsar may
be questioned since it may over-eject mass due to neutrino-
driven wind from the surface of the neutron star. However,
the neutrino cooling time scale of a new-born neutron star
is typically much shorter than the spin down time scale of
a low-field pulsar, so that neutrino-driven wind mass may not
be significantly larger than the HMNS case.
Another constraint may come from the possible lanthanide
abundance in the ejecta. The existence a significant amount
of lanthanides, as evidenced by the distinct “double-peaked”
spectrum of AT2017gfo, may disfavor a strong magnetar
wind, since such a wind would deeply ionize the lanthanides
so that the opacity would be greatly reduced. However, the
above quantitative constraints favor a low-B pulsar, so that
the spin down luminosity of the pulsar would not be large
enough to destroy lanthanides. The existence of lanthanides
in the ejecta therefore may not pose great extra constraints to
the pulsar parameters.
Finally, in the above analyses, we have taken ǫ and Bp as in-
dependent parameters. In principle, magnetic distortion may
play the dominant role in creating and maintaining the ǫ for
a newborn millisecond NS. Previous analytical and numerical
studies suggest that within the magnetic distortion scenario,
ǫ∝ B2p is usually invoked (Bonazzola & Gourgoulhon 1996b;
Haskell et al. 2008). Recently, an ellipticity of the order
ǫ∼ 0.005 for a rapidly spinning (millisecond), strongly mag-
netized (1015 G), supramassive NS has been inferred from the
statistical observational properties of Swift SGRBs (Gao et al.
2016). With such a normalization, the relation between ǫ and
Bp can be then calibrated (Gao et al. 2017c). According to
this relation, the above quantitative constraints for ǫ = 10−3
would be no longer relevant, since Bp is required to be in the
level of 1015 G in order to achieve ǫ = 10−3. This is incon-
sistent with previous constrained results (Bp < 10
14 G). The
quantitative constraints would be still valid if a different dis-
tortion mechanism other than magnetic distortion is at play.
For low ǫ value cases, since different ǫ values no longer af-
fect the constrained results on Bp, the quantitative constraints
discussed above still stand.
5. CONCLUSIONS AND DISCUSSIONS
The recent observations of GW170817 and its EM coun-
terpart have opened a new era of GW-led multi-messenger
astronomy. Comprehensive analyses of the multi-messenger
information have provided some important physical prop-
erties of the compact objects and the merger process for
GW170817. However, what is the central remnant for
GW170817 remains unknown. In this paper, we have investi-
gated the possibility of a long-lived massive NS as the merger
remnant of GW170817, and given constraints on the physical
properties of the NS, by invoking as much as available multi-
messenger information.
7TABLE 6
FINAL CONSTRAINED RESULTS ON Bp(G)
ξ = 0.1
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
ǫ = 10−3 3.39× 1013 3.71× 1013 2.00× 1013 1.12× 1013 2.00× 1012 1.35× 1012 5.02× 1013 2.95× 1013 8.13× 1012 4.67× 1013 1.23× 1013
ǫ = 10−4 3.16× 1011 6.46× 1011 3.16× 1011 3.09× 1011 2.82× 1011 2.40× 1011 6.92× 1011 3.72× 1011 3.24× 1011 8.71× 1011 3.39× 1011
ǫ = 10−5 2.40× 1011 2.19× 1011 2.04× 1011 2.04× 1011 1.78× 1011 1.86× 1011 2.95× 1011 2.95× 1011 2.63× 1011 2.75× 1011 2.29× 1011
ǫ = 10−6 2.40× 1011 2.14× 1011 2.04× 1011 2.00× 1011 1.78× 1011 1.82× 1011 2.88× 1011 2.95× 1011 2.63× 1011 2.69× 1011 2.29× 1011
ǫ = 10−7 2.40× 1011 2.14× 1011 2.04× 1011 2.00× 1011 1.78× 1011 1.82× 1011 2.88× 1011 2.95× 1011 2.63× 1011 2.69× 1011 2.29× 1011
ξ = 1
GM1 BSk21 DD2 DDME2 NL3ωρ AB-L CIDDM CDDM1 CDDM2 MIT2 MIT3
ǫ = 10−3 1.07× 1013 2.19× 1013 6.31× 1012 3.55× 1012 6.31× 1011 4.27× 1011 2.40× 1013 9.44× 1012 2.57× 1012 2.95× 1013 3.89× 1012
ǫ = 10−4 1.00× 1011 2.04× 1011 1.00× 1011 9.77× 1010 8.91× 1010 7.59× 1010 2.19× 1011 1.17× 1011 1.02× 1011 2.75× 1011 1.07× 1011
ǫ = 10−5 7.59× 1010 6.92× 1010 6.46× 1010 6.46× 1010 5.62× 1010 5.89× 1010 9.33× 1010 9.33× 1010 8.32× 1010 8.71× 1010 7.24× 1010
ǫ = 10−6 7.59× 1010 6.76× 1010 6.46× 1010 6.31× 1010 5.62× 1010 5.75× 1010 9.12× 1010 9.33× 1010 8.32× 1010 8.51× 1010 7.24× 1010
ǫ = 10−7 7.59× 1010 6.76× 1010 6.46× 1010 6.31× 1010 5.62× 1010 5.75× 1010 9.12× 1010 9.33× 1010 8.32× 1010 8.51× 1010 7.24× 1010
We found that there is no clear exclusion for a massive NS
as the merger remnant of GW170817, but the parameter space
for the newborn NS is limited. Constraints from GW and
multi-band EM observations show that if the merger remnant
of GW170817 is a massive NS, the NS should have a mil-
lisecond spin period, and relatively low dipole magnetic field
(as low as ∼ 1011 G). The ellipticity of the NS is hardly con-
strained. If the ellipticity reaches 10−3, Bp is constrained to
the level of ∼ 1014 G. Otherwise, Bp is limited to the level
of ∼ 1010 − 1012 G. The conclusions weakly depend on the
adoption of NS or QS EoSs.
The constraints are mainly contributed by the
UV/optical/NIR and X-ray observations. It seems that
the constraints from the current radio data is looser than
the results from other bands. This result is based on the
assumption that the radio signal is mainly generated by
the ejecta-medium forward shock. It is generally believed
that the late time brightening signals in X-ray, optical and
radio bands are all contributed by the external dissipation
of a structured jet (Troja et al. 2017; Lazzati et al. 2017;
Margutti et al. 2018; Troja et al. 2018). If this is true, or if
the radio signal starts to decay sooner in the future (more
than one hundred days after GW170817), or if Mooley et al.
(2017) overestimated the kinetic energy of the ejecta, even
more strict constraints could be placed on the NS properties.
In this paper, we considered two NS EoSs (AB-L and
NL3ωρ) with MTOV > 2.57M⊙. If such EoSs are valid, the
merger remnant of GW170817 would be a stable NS that
never collapses to a black hole. For these cases, there is no
restriction on the spin period of the NS. In principle, if the
spin period is extremely large (of the order ∼ 100ms), cur-
rent EM observations would fail to give any constraints on the
dipole magnetic field of the NS. However, since the newborn
NS arises fromNS-NS merger scenario, the initial spin period
should be close to 1 ms. Even with an extremely large ellip-
ticity as ǫ ≥ 0.001, GW radiation cannot spin down the NS
from 1 ms to 100 ms within a reasonable timescale. Even un-
der these extreme EoSs, the newborn NS is hardly possible to
have a large Bp, unless some other mechanisms (e.g. r-mode
instability, Andersson 1998; Lindblom et al. 1998; Dai et al.
2016) could somehow carry away its angular momentum at
very early stage. For these two EoSs, we only consider dipole
radiation and GW emission as the spin down mechanism and
take the Kepler period as the initial spin period.
Previous analyses on the short GRB data indicate that the
dipole magnetic field of the merger producing NS is typically
large (∼ 1015 G; Rowlinson et al. (2014); Lü et al. (2015);
Gao et al. (2016)). If the central remnant of GW170817 is
a massive NS, it is an outlier compared with other cases. But
it is interesting to note that compared with other short GRBs,
GRB 170817A is also an outlier in terms of luminosity.
For millisecond NSs, the detection horizons for the third
generation gravitational wave detectors, such as Einstein Tele-
scope could reach 600 Mpc (Gao et al. 2017c). Future detec-
tions of the post-merger GW signals would be essential to de-
termine NS-NS merger remnants, and further reveal the NS
equation of state.
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